Oxygen free radicals have been implicated as mediators of tissue damage in ischemic brain . We previ ously demonstrated that the hydroxyl radical scavenger 1,3-dimethyl-2-thiourea (DMTU) reduces infarct size af ter middle cerebral artery occlusion (MCAO) in rats. The present study was undertaken to determine whether this protection results from a preservation of the CBP . Adult male Sprague-Dawley rats were treated with DMTU (750 mg/kg i.p.) or saline vehicle 1 h before right MCAO . One half, 4, or 24 h after MCAO, animals were killed and samples were taken from the central, intermediate, and outer zones of the MCA distribution of each cortical man tle . Separate groups of animals were used to analyze these samples for water content (wet and dry weight), CBP ([14C]butanol), or blood-brain barrier permeability
There is increasing evidence that oxygen free rad icals are important mediators of brain injury during cerebral ischemia (Yamamoto et aI., 1983; Asano et aI., 1984; Watson et aI., 1984; Abe et aI., 1988; Hall et aI., 1988; Patt et aI., 1988; Young et aI., 1988; Liu et aI., 1989; Martz et aI., 1989) ; however, the mech anisms by which these toxic compounds damage brain tissue are unknown. Some studies suggest that the microvasculature may be a major site of injury. Free radicals clearly cause increased vascu lar permeability in intestine (Parks and Granger, 1983) , skeletal muscle (Korthuis et aI., 1985) , and hamster cheek pouch (Del Maestro et aI., 1981) . In brain, administration of exogenous free radicals produces increased cerebrovascular permeability (Chan et aI., 1984; Olesen, 1987 ) and brain edema ([3H] a-aminoisobutyric acid) . CBF was reduced in a graded fashion in the ischemic cortex: 0.169 ± 0.020, 0.261 ± 0.017, and 0.435 ± 0.023 mUg/min (mean ± SEM, n = 8) after 4 h in the central, intermediate, and outer zones, respectively . Brain edema was present in a similar pattern, while blood-brain barrier permeability remained normal . Treatment with DMTU significantly reduced brain edema in the central and intermediate zones at both 4 and 24 h. However, CBP in the DMTU-treated animals was identical to that of the vehicle-treated animals . These results suggest that hydroxyl radicals play a role in the development of ischemic brain edema, but the mecha nism does not appear to involve a direct effect on CBP . Key Words: Brain edema-Cerebral protection-Free radicals-Ischemia-Middle cerebral artery occlusion . (Chan et aI., 1984) . Finally, endogenous superoxide production correlates well with the functional and histologic damage to cerebral arteries seen follow ing fluid percussion injury (Wei et aI., 1981) . It is possible, therefore, that in ischemia, free radicals primarily damage the brain vasculature, leading to vasogenic brain edema or decreased perfusion and secondary tissue injury as a result of increased isch emia.
Alternatively, oxygen free radicals may produce more generalized and direct brain cell injury. Su peroxide can be identified in the brain's extracellu lar fluid following hypertensive or percussive in jury, and its appearance can be reduced by pretreat ment with anion channel blockers or free radical scavengers (Wei et aI., 1985; Kontos and Wei, 1986) . Therefore, free radicals may be released from the cells in which they are produced, diffuse throughout the extracellular space, and produce di rect injury to all brain cells.
We previously demonstrated that 1,3-dimethyl-2-thiourea (DMTU), a hydroxyl radical scavenger, significantly reduced stroke volume 24 h after mid dle cerebral artery occlusion (MCAO) in rats. If the brain's microvasculature is an important target for free radical injury, then we would expect that the protective effect of DMTU would be accompanied by an improvement in CBP or a preservation of blood-brain (BBB) integrity. The present study was designed to test these hypotheses. A preliminary report of our findings was presented previously (Betz et al., 1989a) .
MATERIALS AND METHODS
Male Sprague-Dawley rats weighing between 250 and 350 g were subjected to right MCAO using the method of Bederson et al. (1986b) . In brief, rats were anesthetized by intramuscular injection of 50 mg/kg ketamine hydro chloride and 10 mg/kg xylazine. An incision was made midway between the right eye and ear, the temporalis fascia was incised, and the muscle was separated along the plane of its fibers. The zygoma was cut near its pos terior attachment to the skull and a lO-mm craniectomy was performed. The dura was incised and the arach noidea adjacent to the MCA were removed prior to oc clusion. A 5-to 7-mm length of the MCA was cauterized from 2-3 mm proximal to the olfactory tract to the inferior cerebral vein. Sham rats underwent an identical proce dure except that the MCA was not occluded. Body tem perature was maintained at 37 ± 1°C from the point of anesthesia until the rats were awake. Rats were given food and water ad libitum both before the onset of and after recovery from anesthesia.
One hour prior to the MCAO, rats were given 750 mg/ kg of DMTU (100 mg/ml in saline) intraperitoneally. Con trol rats received a similar volume of saline only. Animals studied at 0.5 h after MCAO did not awake from the initial anesthesia. The other animals were reanesthetized with ketamine and xylazine �0.5 h prior to termination of the experiment at 4 or 24 h after occlusion. Catheters were placed in the femoral vein for administration of isotope and the femoral arteries for monitoring blood pressure, blood gases, hematocrit, osmolality, and radioisotope content. Rats were killed by decapitation, the brains were quickly removed, the hemispheres were divided, and the subcortical structures were removed. The remaining cor tical shells from the ischemic and nonischemic hemi spheres were placed flat and then divided into three sam ples using 7-and lO-mm cork borers ( was occluded from below the olfactory tract (not shown) to the inferior cerebral vein, which is found in the rhinal fissure.
A 7-mm-diameter punch was used to obtain the center zone (darkly stippled), a 10-mm-diameter punch for the intermedi ate zone (lightly stippled), and the remainder of the tissue comprises the outer zone. zone was taken from the lateral cortex directly underlying the initial (occluded) portion of the MCA. The interme diate zone was a ring of tissue surrounding the center, while the outer zone consisted of the remaining cortical tissue.
Brain water content
Upon removal, brain samples were placed in pre weighed crucibles, weighed, dried for 24 h at 100°C, and then reweighed. The percentage water of brain tissue was calculated using the following formula: % water = [(wet wt -dry wt)/wet wt] . 100.
CBP
The CBF was measured with p4C]butanol (6 /i-Ci) as previously described (Gjedde et aI., 1980 ). An iterative method was used to correct for washout of the butanol from the brain tissue during the 15-s circulation time using values for the time to peak appearance of butanol in ar terial blood (4.8 s), the arterial decay coefficient (0.069/s), and the blood-brain partition coefficient (0.77 ml!g) that were determined previously (Gjedde et aI., 1980) .
BBB permeability and brain plasma volume
The permeability of the BBB to [3H]a-aminoisobutyric acid ([3H]AIB) (Blasberg et aI., 1983) was determined by a modification of the method of Ohno et al. (1978) in which the integral of the radioactivity in the arterial blood was determined by continuous withdrawal at a constant rate (Lo et aI., 1987) . [14C]lnulin was used to obtain an estimate of the plasma volume of the brain and to correct the total brain 3H for that portion that remained intravas cular. eH]AIB (35 /i-Ci) was injected 10 min before the end of the experiment, while [14C]inulin (20 /i-Ci) was given as a second injection 3 min before the end, at which time the brain and terminal plasma samples were ob tained. The results are expressed as a rate constant for brain uptake, which represents the product of the capil lary permeability to AlB and the surface area of the ex posed vascular bed (PS product).
Statistics
All data are reported as means ± SEM. Differences be tween control and DMTU-treated groups were tested for significance using both the Student t test for unpaired samples and the Mann-Whitney U test. In general, a slightly lower level of significance was obtained with the t test and therefore these more conservative results are presented here. Comparisons between samples from isch emic and nonischemic hemispheres within the same treat ment group were made using Student's t test for paired samples. 
Materials

RESULTS
Arterial blood pressure, pH, Peo2, Po2, hemato crit, and plasma osmolality were measured in all animals during the last half hour of each experi ment. There were no significant differences be tween mean values in the control and DMTU treated groups of animals at the 0.5-, 4-, or 24-h time points (data not shown). Blood glucose concentra tions were measured in nine control and nine DMTU-treated animals 4 h after MCAO and these also did not differ significantly (345 ± 13 and 302 ± 22 mg / dl, respectively).
Brain edema was apparent in the ischemic cortex at 4 h following MCAO and it was substantially worse at 24 h (Table 1) . At both time points, edema was greatest in the center zone and less in the in termediate and outer zones. Treatment with DMTU reduced the water content of the ischemic but not the nonischemic hemisphere. This effect was signif icant in the center and intermediate zones at 4 h and in all three zones at 24 h. The amount by which the water content of the ischemic compared to the nonischemic hemisphere was reduced varied from 58 % in the intermediate zone to 19 % in the center zone at 24 h.
The initial development of brain edema was not associated with an opening of the BBB since there were no side-to-side differences in the P S products for AIB at 4 h in the control animals (Table 2) . By 24 h, however, BBB damage may have occurred since the center zone of the ischemic cortex demon strated a 40-45 % increase in P S product compared with the contralateral cortex. Treatment with DMTU did not affect this small change in BBB per meability. Brain plasma volume, as measured by e 4 C]inulin space, was significantly increased in the center and intermediate zones at both 4 and 24 h (Table 3) . This increase may have resulted from trapping of blood in large blood vessels since there was obvious distension of the vasculature overlying the ischemic zones. DMTU treatment did not pro duce a significant decrease in these plasma vol umes. Taken together, the measurements of brain edema and BBB permeability suggest that DMTU treatment reduces the development of "cytotoxic" or "intact barrier" rather than "vasogenic" or "open barrier" (Betz et aI., 1989b) edema. CBF measurements at 0.5, 4, and 24 h after MCAO confirmed that the three zones represented areas of graded ischemia, being lowest in the center and highest in the outer zone (Table 4 ). At 0.5 h, the Values are means ± SEM. The plasma volume is in units of fLJ/g. There were no significant differences between control and DMTU-treated ani mals. a p < 0.02 compared with the contralateral nonischemic hemisphere. b p < 0.05 compared with the contralateral nonischemic hemisphere. Fig. 2 where the side-to-side increase in water content is plotted as a function of CBF in the ischemic hemisphere in all three zones, at both 4 and 24 h, and in both control and DMTU-treated animals. Although there were highly significant de creases in brain edema in the central and interme diate zones as a result of DMTU treatment, there was no improvement in CBF.
DISCUSSION
Occlusion of a major cerebral vessel produces zones of variable blood flow with the level of resid ual perfusion dependent upon the adequacy of the collateral circulation. In the rat MCAO model, three zones of ischemia have been defined: an inner zone where flow has fallen below the threshold for cell survival, an outer zone with adequate perfusion and good likelihood of tissue survival, and an inter mediate zone with marginal perfusion (Selman et aI., 1987) . It is this latter "ischemic penumbra" that would seem most amenable to salvage by agents that either protect cells or improve blood flow.
Several recent reports suggest that ischemic brain damage can be reduced by drugs that scavenge ox ygen free radicals. This effect can be seen both in Watson et aI., 1984; Hall et ai. , 1988; Patt et aI., 1988; Liu et aI., 1989 ) and in con tinuous, incomplete ischemia (Asano et aI., 1984; Abe et aI., 1988; Young et aI., 1988; Martz et aI., 1989) . In the rat MCAO model, the protection af forded by free radical scavengers is best seen in areas of the cortex that correspond to the ischemic penumbra (Young et aI., 1988; Martz et aI., 1989) .
Since vascular endothelial cells are known to be targets for free radical injury (Del Maestro et aI., 1981; Wei et aI., 1981; Parks and Granger, 1983; Chan et aI., 1984; Korthuis et aI., 1985; Olesen, 1987; Ratych et aI., 1987) and perhaps also a source of free radical production (Rosen and Freeman, 1984; Betz, 1985; Ratych et aI., 1987) , it is possible that the beneficial effect of free radical scavengers in cerebral ischemia is mediated through protection of the cerebral microvasculature. This in turn might preserve perfusion through the collateral circulation and help maintain blood flow above the threshold for generalized tissue damage. The present investigation was designed to deter mine whether cerebral protection by a free radical scavenger is accompanied by preservation of CBF, particularly in the ischemic penumbra. We chose the hydroxyl radical scavenger DMTU since it has a long plasma half-life (Fox, 1984) and it reduces stroke volume, as defined by the absence of 2,3,5triphenyltetrazolium chloride staining, by 30 % in the MCAO rat model (Martz et aI., 1989) . This re action is probably dependent upon the integrity of mitochondrial dehydrogenases (Bederson et aI., 1986a) . To more effectively study differential pro tection at various levels of flow reduction, we de- vel oped a punch technique to sample tissue from the center, intermediate, and outer zones of the ischemic hemisphere. The size and location of the punches were chosen so that the central zone rep resented tissue that was always infarcted and the intermediate zone represented tissue that was vari ably infarcted but was protected by DMTU as judged by 2,3,5-triphenyltetrazolium chloride stain ing in our previous study (Martz et aI., 1989) . Mea surement of CBF in these three regions confirmed a graded flow reduction from just below the ischemic threshold in the center zone to a level that was -60 % of normal in the outer zone.
Despite a highly significant effect of DMTU on brain edema in the center and intermediate zones,
J Cereb Blood Flow Metab, Vol. 10, No.3, 1990 there was no improvement in blood flow. Thus, DMTU does not exert its beneficial effect through improved blood flow. Rather, the tissue is able to tolerate a level of reduced CBF that otherwise would lead to greater edema formation and a re duced activity of mitochondrial dehydrogenases . Since free radicals are known to cause membrane phospholipid degradation and cellular edema in brain slices (Chan et aI., 1982) , the beneficial effect of DMTU in vivo during the first 24 h following a stroke may be related to direct cellular protection. However, it is wise to be cautious and not extrap olate our results to longer periods of incomplete ischemia or to models of ischemia with reperfusion. In these instances, there is strong evidence for en dothelial cell damage since BBB permeability in creases. We did not address in this study whether that aspect of microvascular injury is mediated by free radicals.
